Abstract. We report the growth of gold nanostructured thin films by cylindrical direct current magnetron sputtering at room temperature. The grown gold nanostructures are mostly rod shape with short lengths of <20 nm and show negative optical parameters in the UV-vis region. So far negative permittivity and permeability were only reported for complex artificial structures. In a case of simple structures such as gold nanostructures, the negative optical parameters were only predicted by simulation methods and considered ideal structures. The small size of gold nanoparticles and the thickness of nanostructured thin films could be the reason of negative permittivity and permeability in our case. The optical properties of the samples were defined experimentally by ultraviolet-visible spectroscopy and their quality was assessed through multitechnique characterization using transmission electron microscopy, field emission scanning electron microscopy, x-ray diffraction, and energy dispersed x-ray.
Introduction
Materials with negative permittivity and permeability were first studied by a Russian theorist Victor Veselago in 1968. 1 He hypothesized that negative refraction can occur if both parameters are negative. So far, a natural material that can achieve negative values for permittivity and permeability simultaneously has not been found or discovered. Therefore, it took 33 years to confirm his prediction by fabricating a metamaterial. It is a material engineered to have a property that is not found in nature. 2 Smith et al. 3, 4 fabricated a metamaterial with negative refractive index by combining two structures presented by Pendry in 1996 5 and 1999. 6 Metallic nanorods are responsible for the negative permittivity and split rings resonators are responsible for the negative permeability. Low loss metamaterials with simultaneously negative permittivity and permeability are desired for practical applications in many optical devices such as plasmonic antenna arrays, 7 epsilon-near-zero metamaterial at visible wavelengths, 8, 9 modulators and switches, 10 infrared perfect absorbers, photodetecting, electromagnetic energy conversion, 11 and as perfect lens in imaging applications. [12] [13] [14] Therefore, they have attracted much attention, among them, plasmonic metal-dielectric metamaterials have been investigated extensively. [15] [16] [17] Au, Ag, and Cu are among the most widely used materials in the fabrication of electronic devices due to their high conductivity, chemical stability, thermal conductivity, and low thermal expansion. Furthermore, these metals are prevalent in most plasmonic applications at the visible light spectrum because of their high concentration of free electrons and the d 10 electron configuration that favors polarizability. Shen et al. presented the prospects and future potential of plasmonic metamaterial based on gold, copper, and silver fishnets structure for the visible wavelengths. 25 Au and Ag are often used in the fabrication of metamaterials at visible wavelengths due to their LSPRs. However, Cu nanoparticles support LSPRs in the near-infrared with quality factors comparable to Ag. 26 Parsons and Polman 27 have proposed a copper metamaterial design that exhibits a negative index of refraction at visible/near-infrared wavelengths, which is competitive compared with similar Ag metamaterials. Hence, copper nanoparticles may be suitable for building low-cost plasmonic devices and negative-index metamaterials in the visible/ near-infrared.
Fabrication of metamaterials is generally difficult; however, there are some experimental methods including template-assisted and self-assembled electrochemical deposition, 28, 29 conventional solution-based technique, 16 electrochemical plating, 30, 31 nanolithography, 32 stencil deposition techniques, 33 etc. The development of fabrication technologies has moved the operating frequency region of metamaterials toward higher frequencies. To apply metamaterials to the device level applications, it is necessary to achieve negative refraction at visible wavelengths. Most of the nanostructured optical metamaterials have been fabricated through nanopatterning methods such as electron beam lithography (EBL) and focused ion beam milling (FIB). 34, 35 However, van de Haar et al. combined different methods of EBL, reactive ion etching, electron beam physical vapor deposition, and FIB polishing to fabricate metamaterial at optical operation range. 36 Although such methods provide very thin and micrometers area-sized metamaterials, they introduce some limitations such as pattern design, uncontrollability, intricate, expensive, and unsuitable for large-area fabrication. Such limitations make metamaterials unscalable nanofabrication. 37 As the realization of metamaterials in optical range requires a scaling of the resonator geometry, 38 the biggest challenge to this goal is scalability in terms of mass production and small-scale fabrications. 39 In this paper, we demonstrate the fast, easy-to-implement, reliable, and compatible method for the fabrication of optical plasmonic metamaterials, which can be integrated into plasmonic photonic circuits to apply in optical components, superradiant light sources, perfect lenses, transformation optics, and optical cloaking devices. Our method should, therefore, pave the way toward cheap and large-area metamaterials. This method can bridge the gap between the lab-scale fabrication and industrial application.
In this work, the gold nanostructured thin films were grown on glass substrates by cylindrical direct current magnetron sputtering (CDCMS), which has advantages of high growth rate, low-temperature deposition, higher precision, availability, and safety issue of the used materials. Consequently, the optical properties of gold nanostructured thin films were studied by ultraviolate-visible (UV-vis) spectroscopy and the effects of an environment on respective properties were investigated by sputtering the nanoparticle Cu thin films between nanoparticles and glass substrates. They show negative permeability and permittivity in the UVvis region. Moreover, the effect of sputtering time (ST) on size and shape of nanoparticles was examined. To characterize the crystal structure of the samples and define the shape and length of nanoparticles, x-ray diffraction (XRD) and transmission electron microscopy (TEM) were used, respectively. However, the surface and elemental studies of samples have been done by field-emission scanning electron microscopy (FE-SEM) and energy dispersed x-ray (EDX) spectroscopy.
Experimental Details

Instrumentation
from Cu κ α x-ray source (λ ¼ 1.540598Å). Scintillation counter (detector) operated at 40 kV and 40 mA at a scanning rate of 0.06 s −1 . Morphology and structural of the samples were examined by FESEM, Mira3 (TESCAN, Czech Republic) at 20 to 30 kV accelerating voltage and TEM CM120 (Philips, Holland) 120-kV accelerating voltage with a LaB 6 filament as an electron source. Chemical compositions of the thin films analysis were done by EDX spectroscopy. Absorption, transmission, and real and imaginary parts of the refractive index at the particular wavelength were recorded with a V630 series of UV-vis doublebeam spectrophotometer (JASCO, Japan). UV-vis spectra were recorded between 300 and 1000 nm with scan speed 400 nm∕min. All of the measurements were carried out at the room temperature (RT), and the glass substrates were used as a reference baseline for all the absorbance measurement.
Materials and Methods
Au and Cu targets were used to grow the samples on the glass substrates by CDCMS. Prior to the depositions, the glass slides (Sail brand, CAT. NO. 7120, 1 to 1.2 mm thick) were cleaned by ultrasonic cleaning in acetone-ethanol and ethanol-deionized water for 20 min following drying in an oven at 80°C for 1 h. Moreover, the targets were cleaned by sputter in the Ar (purity 99.995%) with the pressure of 10 −2 torrs for 10 min. The substrates were at RT, and the distance between targets and substrates was kept at 70 mm during sputtering. The chamber was vacuumed to a basic pressure (BP) about 4.4 × 10 −5 torr by both of rotary and diffusion pumps prior to the sputtering. Then, the pressure was increased to the ambient pressure with an inert gas. Gold nanostructured thin films were grown from Au target (99.99% purity, 80 mm diameter, 0.2 mm thickness) in Ar (purity 99.995%) with working pressure of 3.8 × 10 −2 torrs, DC voltage of 400 V, and STs of 90, 150, 210, 270, and 330 s for sam1 to sam5, respectively. However, Cu nanoparticle thin films were grown from a Cu target (99.99% purity, 80 mm diameter, 1 mm thickness) in N 2 (purity 99.995%) with working pressure of 5.3 × 10 −2 torrs, DC voltage of 600 V, and fixed ST of 325 s. In the case of Au nanoparticles/ Cu thin films, Au nanoparticles were deposited on Cu thin films with considering the fact that for each step the sputtering conditions are as what described above. Therefore, sam1# to sam5# correspond to STs of 90, 150, 210, 270, and 330 s. The sputtering conditions of different samples are listed in Table 1 . 3 Results and Discussion
Structural Properties
The wide-angle XRD of Au nanoparticles/Cu thin films, sam1# to sam5#, is shown in Fig. 1 
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where β is the FWHM, κ is the Scherrer constant, D WH is the crystallite size, λ is the x-ray wavelength, ε is the lattice strain, δ is the density of dislocations, and θ is the Bragg angle. The slope of the plot, β cos θ versus 4 sin θ, defines the strain, whereas its intercept, κλ∕D WH , gives the average crystallite size. Here, average crystallite size of sam1# to sam5# is 0.251, 0.801, 1.842, 3.676, and 0.731 nm, respectively. It indicates that crystallite size increases by increasing ST, except for sam5# due to the aggregation of Au nanoparticles and consequent morphological perturbations. Moreover, it is expected that dislocation density decreases by increasing the crystallite size. It is consistent with results of 3.98, 1.24, 0.54, 0.27, and 1.36 nm −1 for dislocation density of respective samples, sam1# to sam5#. As there is strain around dislocations, the lattice strain of the sam1# to sam5# is calculated, which are −0.22698, −0.04358, 0.00716, 0.07312, and 0.02147, respectively. It is negative for compressive forces, Fig. 1 Wide-angle XRD patterns of the Au nanoparticles/Cu thin films on glass substrates: sam1# (black), sam2# (red), sam3# (green), sam4# (blue), and sam5# (cyan).
while positive for tensile forces. 46 Since process performed at the RT, the strain could not be affected by growth temperature. However, coalescing of grains and islands during film growth may cause intrinsic strain. Formation of islands close to the surface minimizes the surface energy while inducing a tensile strain.
EDX spectroscopy results of the Au nanoparticles/Cu thin films for sam1# and sam5# are shown in Figs. 2(a)-2(e) . They clearly demonstrate enhancing of gold intensity by increasing ST. The percentage of Cu and Au is illustrated in the table for each thin film. Small peaks are related to Cu and Au of this films, whereas larger peaks are related to Ca, Mg, and In of glass substrates. As Si is the main ingredient in glass, the largest peak corresponds to this chemical element.
Figures 3(a)-3(e) show FE-SEM top-view images of Au nanoparticles/Cu thin films on glass substrates. It demonstrates that the islands of Au nanoparticles are formed on the Cu nanoparticle thin films and the size of Au nanoparticles increased by increasing ST, which is in agreement with the increment of crystallite size for XRD results. The cross section of FE-SEM image of sam5#, which shown in Fig. 3(g) , reveals 52-nm thickness for Au nanoparticles. Moreover, the shape and size of the Au nanoparticles for the same sample were studied by TEM, Fig. 3(f) . Gold nanoparticles were found in some spherical and more in rods shapes. According to the scale bar, all the particles have a length <20 nm. optical properties by controlling the particle shape, composition, and structure. As predicted by Gan theory in 1915, 47 when the shape of gold NPs changes from spheres to rods, the LSPRs band splits into two bands due to the cylindrical symmetry and excitation of collective oscillations of conduction electrons of nanorods. Therefore, instead of one resonance peak due to LSPR, two such peaks observed for Au nanorods. Figures 4(a) and 4(b) show the variation of absorption spectra of Au nanoparticles, Cu, and Au nanoparticles/Cu thin films, which provide information regarding the LSPR. In this work, all samples containing gold nanoparticles exhibit two peaks confirming the growth of nanorods. A weak transverse plasmon resonance (TPR) in the visible region arising from surface plasmon oscillation along the short axis of the rods coinciding with that of nanospheres. Whereas, a strong longitudinal plasmon resonance (LPR) at the higher wavelength is due to the oscillation along the long axis. [48] [49] [50] [51] Splitting of plasmon wavelength region could be attributed to the inhomogeneous polarizations parallel and perpendicular to the substrate due to the non-sphericity of the nanorods. 52, 53 TPR is insensitive to the size changes and normally occurs at a fixed wavelength in the visible region. In our case, it is around 420 nm; however, different groups have reported its location varying between 400 and 500 nm. 54, 55 In contrast, LPR strongly depends on the aspect ratio of the nanorods, which can be understood from Eq. (3). The aspect ratio is the length of the rod divided by its width, R. It has been found that LPR absorption maximum λ m is linearly proportional to the R of the Au nanoparticles in these thin films 56 ,57 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 1 7 4
Optical Response
The inhomogeneous polarization enhances higher-order mode oscillations at lower energies. 7, 58 Therefore, LPR is redshifted largely from the visible to the near-infrared region by increasing aspect ratio. These results are in good agreement with previous studies on Au nanorods, where TPR is fixed, but LPR occurs at a higher wavelength and redshifts by increasing ST. [59] [60] [61] [62] The calculated aspect ratio of Au nanorods thin films is illustrated in Table 2 , ranging from 2.83 to 6.68. Furthermore, Au nanoparticles-based metamaterials exhibit Drude absorption in the UV region. As the Au nanoparticles ST increases, the Drude absorption rises. It could be attributed to the increment of size and consequent electronic overlap between Au nanoparticles.
The absorption edge at 300 nm is due to absorption of glass substrates. Besides the absorption spectra of the samples, it is worth exploring their real and imaginary parts of refractive index as it is the key parameter in the interaction of light with matter. Figures 5(a) and 5(b) show the real part of the refractive index, n, of Au nanoparticles, Cu, and Au nanoparticles/Cu thin films. For samples with Au nanoparticles, n is small at Drude and LSPRs wavelength regions correspond with high absorption at the plasmonic peaks and have a maximum in a visible region around 520 nm. The n of gold nanorod thin films decreases with the increase of ST, except for sam1. These results are consistent with previous reports about the degradation of n with increasing thickness of the thin films. 56, 63 However, in Au nanoparticles/Cu thin films opposite trend was observed according to the very low refractive index of Cu. Increasing ST leads to increasing the thickness of gold thin films, which reducing the effect of Cu on the total refractive index of the samples. Moreover, the refractive index dispersion of Au nanoparticles in presence of Cu becomes weaker. Therefore, such plasmonic metamaterials can act as low or tunable refractive index materials at specific optical wavelengths. In complex refractive index, n represents the real part and k is the imaginary part, known as extinction coefficient. When k is positive, the optical depth is positive and diminishes incoming light; however, the negative value amplifies incoming light. The extinction coefficient of Au nanoparticles, Cu, and Au nanoparticles/Cu thin films are shown in Figs. 6(a) and 6(b). It shows that the spectrum of k, such as n, is wavelength dependence and reduces by increasing ST for both Au nanoparticles and Au nanoparticles/Cu thin films. However, linear variation of extinction coefficient with respect to wavelength for pure Cu thin films is found to be nonlinear in the presence of Au nanoparticles. Considering an incident light beam scatters by a collection of electrons, the linear polarization of the medium at a position depends on the applied electric field. The electric field amplitude has been modified by the factor e −ωkz∕c , and hence the transmitted intensity will increase with distance in the medium for negative k and decrease for a positive one. 64 It is consistent with our results in Figs. 4-6 , as for the negative k in the range of visible to near-infrared wavelength high transmission and less absorption was observed. There is a region of high tunability in these wavelength ranges, where imaginary part (k) is near zero. This region would be useful for optical switching applications.
The complex refractive index of a material, NðωÞ ¼ n þ ik at frequency of ω is directly related to its relative complex electric permittivity, ϵðωÞ ¼ ðn 2 − k 2 Þ þ ið2nkÞ, and its relative complex magnetic permeability, μðωÞ ¼ μ r þ iμ i , as [65] [66] [67] 
Therefore, studying variations of permittivity and permeability of gold nanorod-based plasmonic metamaterials with respect to wavelength would provide valuable information in this regard. 
when the frequency of incident light is much lower than the plasmon frequency, the ω p ∕ω ratio is >1, leading to a negative value. This negative value in metal thin films demonstrates high density of free electrons leading to opaque thin films, whereas they are transparent for a positive value. In general, the simultaneous negativity of μ and ε leading to a negative value of n. Although both parameters were negative within the range of UV-vis in this work, a negative value of n was not observed so far. This could be understood from the necessary condition for n to be negative ε r μ i þ ε i μ r < 0:
In a case that both ε r and μ r are negative, their imaginary counterparts need to be small and positive to fulfill this condition. In this work, the large negative values of the imaginary part of permittivity and permeability prevent observation of negative refraction for the samples. Grigorenko et al. 65 also reported positive n for their samples with negative values of ε r and μ r due to the large positive imaginary part of permeability. 
Conclusion
In this work, we have grown gold nanoparticles on glass substrates and copper nanoparticle thin films by CDCMS at RT. The quality of the samples was determined by TEM, FE-SEM, XRD, and EDX and their optical properties defined by UV-vis spectroscopy. Low loss metamaterials with simultaneously negative permittivity and permeability are not found in nature and the artificial structures are generally very complex. In this work, we demonstrate a negative optical response of simple structures containing gold nanoparticles in UV-vis region. Low loss metamaterials with simultaneously negative permittivity and permeability are desired for practical applications in many optical devices such as optical switching, waveguides, modulators, and plasmonic antenna arrays.
